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Photon spheres, surfaces where massless particles are confined in closed orbits, are expected to be
common astrophysical structures surrounding ultracompact objects. In this paper a semiclassical
treatment of a photon sphere is proposed. We consider the quantum Maxwell field and derive its
energy spectra. A thermodynamic approach for the quantum photon sphere is developed and ex-
plored. Within this treatment, an expression for the spectral energy density of the emitted radiation
is presented. Our results suggest that photon spheres, when thermalized with their environment,
have nonusual thermodynamic properties, which could lead to distinct observational signatures.
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I. INTRODUCTION
General relativity predicts the existence of regions
where light is confined in closed orbits. These struc-
tures, the so-called photon spheres or light spheres, are
expected to be common astrophysical objects surround-
ing ultracompact bodies [1–5]. Although black holes are
natural candidates to create light lines and light sur-
faces, other bodies could support such objects. Initially
considered as a particular feature of the Schwarzschild
spacetime, the photon sphere concept was generalized
and found in a broad class of static and spherically sym-
metric geometries [6, 7]. Given an approximate spherical
symmetry, staticity, and reasonable energy conditions,
photon spheres should be present, even considering ex-
tensions of Einstein’s relativity [6, 7].
More recently, it is observed a renewed interest in the
physics of photon spheres. For instance, the problem of
the characterization of the photon spheres in several ge-
ometries was treated, for example, in [6–8]. The con-
nection between photon sphere parameters and quan-
tities associated to the perturbative dynamics around
black holes has been recently explored, for example, in
[5, 9, 10]. From the observational point of view, light
sphere and light ring phenomenology is also an issue. For
instance, light ring astrophysical signatures are explored
in [11, 12].
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The physical framework we consider is commented in
the following. We assume that a spherically symmet-
ric and static distribution of matter generates a photon
sphere, with the photons propagating in vacuum or in
optically transparent media. We also assume some ex-
change of photons of the photon sphere with the sur-
rounding environment, in such a way that the photon
sphere is in thermal equilibrium with the environment.
The photons are considered as metastable entities, ap-
proximately free bosonic particles with a finite average
lifetime in the photon sphere.
We propose a semiclassical treatment for quantum
photons in light spheres, with the quantized electromag-
netic field in a classical photon sphere background. By
considering Maxwell’s electrodynamics in usual spheri-
cal coordinates and in a suitable gauge, energy spectra
for the quantum physical modes are derived. Our ap-
proach suggests that light spheres populated by photons
in thermal equilibrium with their environment have dis-
tinct thermodynamic properties, which could lead to ob-
servable signatures.
The structure of this paper is presented in the follow-
ing. In Sec. II we review the notation and comment on
some key characteristics of the photon spheres, empha-
sizing the classical energy spectrum of this system. A
quantum treatment for the electromagnetic field in the
photon sphere is introduced in Sec. III. Quantum energy
spectra are obtained for the two physical polarizations
of the field, and the connections with the classical limit
are discussed. In Sec. IV the photon sphere is presented
as a thermal bosonic system, and its thermodynamics is
characterized. Some final remarks are made in Sec. V.
We use signature (−,+,+,+) and natural units with
G = ~ = c = kB = 1 throughout this paper.
2II. PHOTON SPHERES IN SPHERICALLY
SYMMETRIC SPACETIMES
In the present work, we are interested in static and
spherically symmetric spacetimes. These geometries are
equipped with four Killing vector fields Kt, Kx, Ky, and
Kz satisfying
[Kx,Ky] = Kz , [Ky,Kz ] = Kx , [Kz,Kx] = Ky , (1)
and
[Kt,Kx] = [Kt,Ky] = [Kt,Kz] = 0 . (2)
We are assuming the existence of a “static region” in the
spacetime, where Kx, Ky , Kz are spacelike and Kt is time-
like. For these spacetimes, a coordinate system (t, r, θ, φ)
may be defined in the static region, such that Kt = ∂/∂t,
r is the “areal radius” and (θ,φ) are the usual angular
coordinates that cover S2 surfaces, invariant under the
action of the diffeomorphisms associated to Kx, Ky, and
Kz . In terms of this coordinate system, the line element
is written as
ds2 = gtt(r) dt
2+grr(r) dr
2+r2
(
dθ2 + sin2 θ dφ2
)
, (3)
with −gtt(r) > 0 and grr(r) > 0 in the static region.
We will also assume that the spacetime is asymptoti-
cally flat and that the compact object modeled by this
geometry has no electric charge. In this case, the metric
functions behave as −gtt(r) → 1 and g−1rr (r) → 1 in the
limit r → ∞. Considering the spacetime described by
Eq. (3), the photon sphere is a two dimensional surface
generated by null geodesics that describe circular orbits.
The photon sphere radius is denoted in the present work
as R. If the geometry models a black hole, the photon
sphere will be located outside the event horizon, always
in the static region. The spacetimes selected by the con-
ditions imposed include not only the Schwarzschild ge-
ometry but also many other cases of interest.
Given affine parametrized null geodesics xµ(λ), four
constants of motion can be constructed: E, Lx, Ly, and
Lz, associated to the Killing fields Kt, Kx, Ky, and Kz,
respectively. If the geometry is asymptotically flat, these
constants can be interpreted as energy and angular mo-
mentum components associated to the geodesic, as seen
by a static observer far from the compact object. For
geodesics in the photon sphere, E, Lx, Ly, and Lz obey
the classical constraint [13]:
E2 = −gtt(R) L
2
R2
, (4)
with L2 = L2x + L
2
y + L
2
z. The constant L
2 can be inter-
preted as the (classical) squared total angular momentum
of the photon in the geodesic.
For any given geodesic in the photon sphere, it is al-
ways possible to choose a coordinate system such that
this null orbit is located in the equatorial plane (θ = π/2).
In this case, the equation of motion which describes the
geodesic is [13]
[
dr(λ)
dλ
]2
= Veff(r(λ)) , (5)
where the effective potential Veff is given by
Veff(r) =
1
grr(r)
[
+
E2
−gtt(r) −
L2
r2
]
. (6)
The photon sphere radius R is such that Veff(R) = 0
and dVeff(R)/dr = 0. A basic fact about photon spheres
is that the classical trajectories that form this structure
are usually, but not necessarily, unstable. Spacetimes
where the photon sphere orbits are stable are presented,
for example, in [14, 15]. For unstable photon orbits, it
is possible to estimate an average lifetime τ for the null
circular geodesics [9],
τ =
[−gtt(R)R2
2L2
d2Veff(r)
dr2
∣∣∣∣
r=R
]−1/2
. (7)
However, it should be pointed out that the average
lifetime τ must be used cautiously. It is possible to show
that, in spacetimes of interest, the time averaged Lya-
punov exponent vanishes and the orbit behaves as if there
were no instability, even though it clearly has an unsta-
ble region in phase space (this is a general feature of a
larger class of dynamical systems involving the so-called
homoclinic orbits [16, 17]). As a result, photons in the
light sphere may have long lifetimes, even when they are
characterized by unstable effective potentials.
At this point, although we are not restricted to this
specific scenario, it is illustrative to particularize our dis-
cussion considering the photon sphere prototype, present
in the Schwarzschild spacetime. For this geometry,
−gtt(r) = g−1rr (r) = 1− 2M/r. In this case R = 3M , and
therefore a photon sphere can be supported by a spheri-
cal compact body of mass M , with a radius smaller than
3M . The Schwarzschild black hole is one possibility for
such an object. An estimate for the lifetime of a pho-
ton in this photon sphere is τ = 3
√
3M . The relevant
point about this calculated value for τ is the fact that
it is finite and proportional to the compact body mass.
But again, it should be used cautiously. Null geodesics in
Schwarzschild spacetime are one example where the av-
eraged Lyapunov exponent vanishes [16, 17]. More con-
cretely, null geodesics spiral around r = R if the classical
constraint in Eq. (4) is approximately obeyed, as can be
seen by considering the solutions presented in Eqs. (231)
and (238) in Chap. 3 of [13], for instance. In this case, the
null-mass particles may have quasicircular trajectories,
circling many times around the photon sphere, arbitrar-
ily close the surface r = R [13]. The preceding example
shows that photons can be expected to be in the light
spheres for quite long times in relevant astrophysical sce-
narios, such as large black holes in vacuum.
3III. ENERGY SPECTRA OF PHOTON
SPHERES
The picture of quantum photons around a noncharged
compact object will be made more precise considering
astrophysical situations where the photons in the light
sphere have a long lifetime, and therefore are essentially
confined to the surface r = R. The photon sphere is in
the outside region of the black hole (if one is present)
and the radiation emitted by the photon sphere is de-
tected by a distant observer. As a consequence, issues
associated to the field behavior at the event horizon [18]
are not a problem here. We will effectively quantize the
electromagnetic field in the three dimensional manifold
S2 × R.
The typical strategy in the quantization of the elec-
tromagnetic field, based on plane wave expansions, is
not convenient to us due to the geometry of the photon
sphere. For our purposes, a spherical representation of
the field is better suited. However, given the gauge arbi-
trariness, it is not obvious that in this representation the
electromagnetic field can be decomposed in two indepen-
dent modes (polarizations). This issue was already con-
sidered in [13, 19] in classical contexts involving curved
spacetimes. The quantum field theory treatment was de-
veloped, for example, in [20–23]. In this paper we will
adapt the treatment developed in [20, 22], considering
the electromagnetic quanta in the photon sphere.
We proceed to the quantum treatment with the intro-
duction of the Maxwell field, minimally coupled to the
geometry. From the classical electromagnetic tensor Fµν ,
the potential Aµ is defined as
Fµν = ∇µAν −∇νAµ . (8)
Following [22], we adopt a modified Feynman gauge, with
the Lagrangian density written as
LF =
√−g
[
−1
4
FµνF
µν − 1
2
G2
]
, (9)
where g = det [gµν ] and
G = ∇µAµ +KµAµ , (10)
Kµ = (0, g′tt(r)/[gtt(r) grr(r)], 0, 0) . (11)
The gauge condition then reads G = 0.
For our purposes, only the physical modes (accord-
ing to [22]) are relevant. An important result is that,
considering the modified Feynman gauge defined by
Eqs. (9)–(11), the electromagnetic potential has a scalar
and a vector physical modes [24] . These “polarizations”
will be observables of the theory. In the photon sphere,
the scalar mode potential Ascµ has only one non-null com-
ponent,
Ascµ = (0, A
sc
r , 0, 0) . (12)
On the other hand, the vector mode potential Avecµ can
be written as
Avecµ = (0, 0, A
vec
θ , A
vec
φ ) . (13)
In the following, we will proceed to the quantization of
the electromagnetic field in r = R.
A. Scalar and vector physical modes
For the quantization of the potentials Aˆscr and Aˆ
vec
i ,
corresponding respectively to the scalar and vector sec-
tors in the photon sphere, we construct the one-particle
Hilbert spaces [25]Hsc1 andHvec1 associated to the (scalar
and vector mode) photons. We take as Hsc1 the set of
functions Hsc1 : S2 → C that have, as a dense subset, the
collection of functions f that can be expanded as
f =
∑
ℓm
fℓm(t)Yℓm(θ, φ) , (14)
where Yℓm are the spherical harmonics.
In a similar way, we define the one-particle Hilbert
space Hvec1 , associated to the (vector mode) photons, as
the set of functions Hvec1 : vec
(
S2
) → C that have, as
a dense subset, the collection of vectors f˜i that can be
expanded in vector spherical harmonics,
f˜i =
∑
ℓm
f˜ℓm(t)Y
(ℓm)
i (θ, φ) , (15)
with vec
(
S2
)
denoting the S2 vector bundle and Y
(ℓm)
i
the vector spherical harmonics [20, 22].
With Hp1 defined, for p = sc for the scalar mode and
p = vec for the vector mode, the one-particle Hamilto-
nian can be constructed, based on the Killing vector field
Kt, as
Hˆp = i
∂
∂t
, p ∈ {sc, vec} . (16)
That is, our notion of energy is being defined by static
observers which follow integral curves of Kt. The one-
particle angular momentum operators Lˆpx, Lˆ
p
y and Lˆ
p
z are
given by
Lˆpx = i
[
− sinφ ∂
∂θ
− cot θ cosφ ∂
∂φ
]
, (17)
Lˆpy = i
[
cosφ
∂
∂θ
− cot θ sinφ ∂
∂φ
]
, (18)
Lˆpz = i
∂
∂φ
, (19)
where p ∈ {sc, vec} in Eqs. (17)–(19).
From the one-particle sector, we construct the Fock
space associated with the photons in the photon sphere
with the usual procedure. Taking into account Eq. (16),
we observe that
Yℓm(θ, φ) e
−iǫt , Y ∗ℓm(θ, φ) e
+iǫt , (20)
4are positive and negative energy modes which span a
dense subset of Hsc1 . We define creation and annihila-
tion operators, (aˆscǫℓm)
† and aˆscǫℓm, such that the quantum
version of the electromagnetic potential in the photon
sphere, the operator Aˆscr , can be expanded as
Aˆscr =
∑
j
[
aˆsc(j) Yℓm(θ, φ) e
−iǫt +
(
aˆsc(j)
)†
Y ∗ℓm(θ, φ) e
+iǫt
]
,
(21)
with (j) ≡ (ǫ ℓm). In addition, based on the definition
of Hvec1 , we note that
Y
(ℓm)
i (θ, φ) e
−iǫt , (Y ℓmi )
∗(θ, φ) e+iǫt , (22)
are positive and negative energy modes which span a
dense subset of Hvec1 . Creation and annihilation oper-
ators (aˆvecǫℓm)
† and aˆvecǫℓm are introduced such that Aˆ
vec
i ,
with i ∈ {θ, φ}, can be expanded as
Aˆveci =
∑
j
[
aˆvec(j) Y
(ℓm)
i (θ, φ) e
−iǫt
+
(
aˆvec(j)
)† (
Y
(ℓm)
i
)∗
(θ, φ) e+iǫt
]
, (23)
with (j) ≡ (ǫ ℓm), consonant to the notation in Eq. (21).
According to the usual conventions, we denote by Hˆp,
Lˆpx, Lˆ
p
y, and Lˆ
p
z the Hamiltonian and (orbital) angular
momentum operators acting in the Fock space. Distinc-
tion from their one-particle counterparts is made by con-
text. With the Casimir operator (Lˆp)2 given by
(Lˆp)2 = (Lˆpx)
2 + (Lˆpy)
2 + (Lˆpz)
2 , (24)
expressions for Hˆp and (Lˆp)2 in terms of the creation and
annihilation operators aˆp(i) and (aˆ
p
(i))
† are
Hˆp =
∑
i
ǫ
(
aˆp(i)
)†
aˆp(i) , (25)
(
Lˆsc
)2
=
∑
i
ℓ(ℓ+ 1)
(
aˆsc(i)
)†
aˆsc(i) , (26)
(
Lˆvec
)2
=
∑
i
[ℓ(ℓ+ 1)− 1]
(
aˆvec(i)
)†
aˆvec(i) . (27)
Quanta defined by (aˆp(i))
† and aˆp(i) have well-defined en-
ergy ǫ and squared angular momentum, the later quantity
with magnitude ℓ(ℓ + 1) for the scalar and [ℓ(ℓ+ 1)− 1]
for the vector modes.
We set as the quantum constraint for the scalar and
vector sectors of the multiparticle photon sphere
[Hˆp, [Hˆp, Aˆpk]] =
−gtt(R)
R2
[(Lˆp)2, Aˆpk] , (28)
with p ∈ {sc, vec} and k ∈ {r, θ, φ}. The validity of
proposed relations in Eq. (28) will be justified by their
classical limit. As will be seen in the end of this section,
from Eq. (28) classical field equations will be obtained.
From these equations, in the geometrical optics limit, the
classical constraint in Eq. (4) can be recovered. It follows
from the quantum constraints in Eqs. (28), considering
the results in Eqs. (25)–(27), that the scalar and vector
mode photon energies ǫ assume values in discrete sets
{ǫpℓ , ℓ = 1, 2, . . .} labeled by ℓ, where
ǫscℓ =
√
−gtt(R)
R
√
ℓ (ℓ+ 1) , (29)
ǫvecℓ =
√
−gtt(R)
R
√
ℓ (ℓ+ 1)− 1 . (30)
These are the photon sphere energy spectra of the elec-
tromagnetic scalar and vector sectors. The relations (29)
and (30), respectively for the scalar and vector mode
quanta, are the quantum version of the classical con-
straint in Eq. (4).
B. Geometrical optics limit
As a consistency check, let us interpret the obtained
results in the geometrical optics limit. The results in this
section are important for the proper justification of the
proposed quantum constraints in Eq. (28).
In the classical limit, the quantum constraints imply
that the classical scalar and vector mode potentials Ascr ,
Avecθ , and A
vec
φ satisfy Klein-Gordon-type equations (at
the photon sphere),
∂2Φ
∂t2
=
−gtt(R)
R2
∇˜2Φ , (31)
where ∇˜2 is the Laplace operator on S2,
∇˜2 = 1
sin2 θ
∂2
∂φ2
+
1
sin θ
∂
∂θ
(
sin θ
∂
∂θ
)
. (32)
Taking the eikonal ansatz,
Φ = Φ0 e
iS , (33)
with the appropriate eikonal conditions [26], we obtain
∇µS∇µS = 0 . (34)
It is straightforward to show that not only is ∇µS a null
vector, as indicated in the eikonal equation (34), but also
that its integral curves are null geodesics.
Moreover, in the eikonal limit we have ℓ ≫ 1, and
therefore the scalar and vector electromagnetic spectra
coincide in this limit,
(ǫℓ)
2 = −gtt(R) ℓ
2
R2
, (35)
as seen from Eqs. (29) and (30). Relation (35) shows
that in the eikonal limit, a (scalar or vector) photon in a
light ray, with orbital angular momentum ℓ and energy
ǫℓ, obeys the classical constraint in Eq. (4), as it should
by consistency with the geometrical optics limit.
5IV. THERMODYNAMICS OF PHOTON
SPHERES
In the treatment for the photons introduced in Secs. II
and III, the quantum electromagnetic field was assumed
to be free, allowing for no direct coupling among the pho-
tons in the photon sphere. Still, in many astrophysical
situations of interest, some interchange of photons from
the photon sphere with the surrounding environment is
expected. In fact, perturbations in the photon sphere
would take away photons from this region, which is con-
sistent with a finite average lifetime for photons in the
light sphere. At the same time, the photon sphere contin-
uously captures external photons, as long as they satisfy
the constraint in Eq. (4). The astrophysical scenario as-
sumed is a densely populated photon sphere, in dynami-
cal thermal equilibrium with its environment.
We consider then a light sphere populated by pho-
tons with a well-defined energy, subjected to the Bose-
Einstein statistics, in thermal equilibrium with its sur-
roundings. Moreover, the number of photons is not con-
served. Therefore, the total macroscopic energy U of the
photon sphere at temperature T is
U =
∑
p∈{sc,vec}
∞∑
ℓ=1
+ℓ∑
m=−ℓ
ǫpℓ
exp
(
ǫp
ℓ
T
)
− 1
. (36)
Because of spatial isotropy, the sums in m can be readily
calculated,
U =
∞∑
ℓ=1
(2ℓ+ 1)

 ǫscℓ
exp
(
ǫsc
ℓ
T
)
− 1
+
ǫvecℓ
exp
(
ǫvec
ℓ
T
)
− 1

 ,
(37)
where, for convenience, we have separated the contribu-
tions of the two modes, presented in Eqs. (29) and (30).
The relevant macroscopic thermodynamic quantities
are defined only if a proper thermodynamic limit can be
established [27]. In this limit, it is considered the behav-
ior of the photon sphere as its area A and the number
of photons N tend to infinity. It is also required that
the density ratio N/A is bounded. In order to char-
acterize the thermodynamics of the photon sphere, we
consider the energy differences ∆ǫsc ≡ ǫscℓ+1 − ǫscℓ and
∆ǫvec ≡ ǫvecℓ+1 − ǫvecℓ of the scalar and vector modes, re-
spectively. In the thermodynamic limit they coincide,
∆ǫ = ∆ǫsc = ∆ǫvec =
−gtt(R) (2ℓ+ 1)
2ǫR2
, (38)
where it was used in Eq. (38) the fact that R is large and
∆ℓ/R is small in the thermodynamic limit. Therefore,
we can rewrite Eq. (37) as a Riemann sum, in the form
U =
∑
ǫ
4R2
−gtt(R)
ǫ2
exp
(
ǫ
T
)− 1 ∆ǫ , (39)
with ǫ ∈ {ǫscℓ } ∪ {ǫvecℓ }, according to Eqs. (29) and (30).
In terms of the photon sphere area A = 4πR2, Eq. (39)
is written as
U
A =
∑
ǫ
1
−gtt(R)π
ǫ2
exp
(
ǫ
T
)− 1∆ǫ . (40)
We now take the thermodynamic limit [27] of Eq. (40),
in which R is large and U/A is bounded. From Eqs. (29)
and (30), we see that the maximum value of ∆ǫ for a
given ℓ, ∆ǫmax = max{∆ǫsc}∪{∆ǫvec}, can be made ar-
bitrarily small as R is larger. Moreover, the partial sums
in Eq. (40) are well-defined as ∆ǫmax is taken arbitrarily
smaller. Therefore, the Riemann sum in Eq. (40) tends to
the Riemann integral in the thermodynamic limit (with
a fixed value for ǫ). Finally, in the limit of large ǫ, the
proper Riemann integral tends to an integral in the form
U
A =
∫ ∞
0
ρ(ǫ) dǫ , (41)
with ρ given by
ρ(ǫ) =
1
−gtt(R)π
ǫ2
exp
(
ǫ
T
)− 1 . (42)
The spectral energy density ρ for the radiation emitted by
the photon sphere is qualitatively different from the usual
Planck distribution that might be expected, and could
provide observational signatures of the photon sphere.
This is one of the main results in this paper.
As a side remark, we point out that the spectral distri-
bution in Eq. (42), although having the same form of the
analogous result in the two-torus [28], was obtained here
considering a thermodynamic treatment on a two-sphere,
a topological and geometrical distinct object. Moreover,
in the two-torus setup, the question of the proper de-
composition of the electromagnetic field in the spherical
representation is absent. In the two-sphere, this is a non-
trivial issue.
From the result in Eq. (42), we observe that the ra-
diation emitted by a photon sphere should have a dis-
tinct profile, when compared to the emission of a usual
star. For instance, the emitted total energy of the photon
sphere is given by
U = σT 3 , (43)
where σ is a constant. This is the modified Stefan-
Boltzmann law for the quantum photon sphere.
V. FINAL REMARKS
In the present work we considered spherically symmet-
ric and asymptotically flat geometries, modeling ultra-
compact bodies capable of maintaining light in closed
orbits. We derived quantum and thermodynamic prop-
erties of photon spheres in thermal equilibrium with the
environment. The electromagnetic field in the photon
sphere was considered in a second quantization scheme,
6and its energy spectra derived. The associated thermo-
dynamics suggests an observational signature that could
be used to distinguish photon spheres from other astro-
physical objects.
The results obtained here are very general within the
specified premises. For instance, the Einstein field equa-
tions are not used, and in this sense only kinematic as-
pects of gravity are assumed in the present work. A rel-
evant point is that gravity manifests itself only through
the redshift factor −gtt(R), according to Eqs. (29), (30),
and (42).
It should be pointed out that the quantum constraint
in Eq. (28) is not unique. Other (nonequivalent) quanti-
zations, and consequently other dynamics, are possible.
Nonetheless the proposal in Eq. (28) is “robust” in the
sense that it correctly gives expected limits, considering
both the one-particle sector and the eikonal regime. In
fact, the nonunique character of the quantization pro-
cedure is not a peculiarity of our work, but a general
issue in the quantization process with Fock spaces. Usu-
ally the problem of the vacuum choice, when treating
quantum theories in Minkowski spacetime, can be re-
solved by the imposition of invariance by the action of
the Poincaré group (and the mass-shell condition). In
our case, this procedure can be applied since we have an
asymptotic flat limit. Therefore, one argument showing
that our constraint is satisfactory is the wave equation
(31), which corresponds to the field equation for the elec-
tromagnetic field in the Feynman gauge. This equation
is covariant (for each potential component), and tends
to a Klein-Gordon equation with the Minkowski metric
considering large values of R. This suggests that the vac-
uum of the quantum field theory obtained with Eq. (28)
is well-defined. Any other quantization, which respects
covariance and the mass-shell condition (with a redshift
correction), will be unitarily equivalent.
One assumption made in this work is the consider-
ation that the compact objects maintaining the pho-
ton sphere have no electric charge. This condition was
implicitly used when we postulated that the electro-
magnetic perturbations do not couple with the gravita-
tional ones [23]. Still, the treatment of photon spheres
around charged compact objects should be possible if
the electromagnetic-gravitational compound modes in
[13, 29, 30] are considered.
Further generalizations could be made with the con-
sideration of asymptotically de Sitter or anti–de Sitter
spacetimes. These could be interesting in cosmological
setups or AdS/CFT applications. In fact, the assump-
tion of asymptotically flatness is not needed for any of
the classical results presented, and could possibly be re-
laxed if a proper quantization scheme is used. In this
case, the energy definition and the proper choice of ob-
servers would become a relevant issue. Work along those
lines is currently under way.
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